A number of researches have been devoted to the developments of novel separation principles and methodology, because material separation is one of the most important fundamentals in scientific and technological disciplines. In particular, flow separation methods, such as chromatography, 1,2 electrophoresis, [3] [4] [5] [6] [7] and field flow fractionation (FFF), [8] [9] [10] have been extensively used in various fundamental and practical fields, and have facilitated the advancements of modern science. These methods cover separation of almost all classes of materials. A number of dissolved molecules, from simple ions to macromolecules, can be separated by chromatography or electrophoresis, FFF and electrophoresis being capable of resolving even particles. The dimensions of solutes to be separated by these methods thus range from 10 -10 m to 10 -5 m. This situation may suggest that separation science and technology have been completely matured. However, studying new separation principles is still important, because they can allow the separation based on material properties that have not been utilized for conventional methods, provide higher performance and more efficient separation than existing means, and facilitate the understanding of materials through separation processes.
However, a liquid flow obviously provides versatile ways for material separation because liquids have higher density and dissolution power than gases, and thus has made possible application to various types of solutes with wide ranges in molecular weights and sizes. In the usual flow separation methods, appropriate chemical (chromatography) or physical (FFF) separation fields are created, which retain solutes to different extents and separate them. A variety of stationary phases for chromatography 2, [12] [13] [14] and physical forces for FFF [15] [16] [17] [18] [19] have been exploited, and have provided different capabilities and selectivity from those performed by conventional separation. In contrast, a separation method that requires neither chemical interactions nor special external fields should also be useful because of its instrumental simplicity. Hydrodynamic chromatography (HDC) is such a case, which allows separation of particles or macromolecules according to their hydrodynamic sizes just by passing them through a narrow channel. [20] [21] [22] [23] [24] Particles with larger diameter for example cannot approach the channel wall, and thus flow through the channel faster than the smaller particles, when the laminar flow profile is maintained therein. Although the applicability of this method was very restricted, recent developments of chip technology have brought about a remarkable progress. 23, 24 If a capillary of radius a is used for HDC, the time for the elution of a particle of radius rp is given by
where t0 is the time required for solute to pass through the capillary at the average flow rate, and λ = rp/a. This equation clearly indicates that small solutes of rp « a move at the average flow rate. HDC is thus effective for separation of particles, whose sizes fall on an appropriate range determined by a channel dimension. On the other hand, an entirely different separation mechanism is responsible for wide-bore HDC. 
Experimental
Flow experiments were carried out with fused-silica capillaries of 150 and 325 µm i.d. as well as a glass capillary of 1 mm i.d. The lengths of the capillaries were 30 ± 1 cm. The mobile phases were fed by a syringe pump Model 11 (Harvard) equipped with a gas-tight syringe. Sample solutions were introduced into the capillary with a Rheodyne microinjector; the injection volume of the sample solution, which was controlled by injection time, was basically ca. one-thirtieth as low as the total capillary volume. On-capillary detection was carried out with a UV-visible detector Model 870-CE (JASCO). A slit of 50 µm width was used to allow the detection of solutes being present at the capillary center. A short 325 µm fused-silica capillary was attached at the exit of the 1 mm i.d. glass capillary for easy connection to the detector.
PS particles were purchased from Aldrich. Other reagents were of the highest grade available. In order to prevent the aggregation of PS particles, 10 mM SDS was added to both sample and carrier solutions. After the addition of SDS, the particle solutions were sonicated to allow complete dispersion. SDS was purified by recrystallization. Pyrene was dissolved in the SDS micellar solution as a diffusion marker; the typical concentration of pyrene was 0.05 mM. Since micelles are in general dynamic systems, the SDS concentration of the injected solution was kept identical to that of the carrier solution; thus, the dynamic nature of the micelle does not have to be taken into consideration in the discussion of its diffusion properties.
Results and Discussion

Simulation
The Reynolds number (Re) is known as a good measure for predicting the flow profile,
where u, l, ρ, and η are the linear flow rate, the characteristic length, the density of the medium, and its viscosity. The stable laminar flow is maintained in systems with Re < 1000 -3000, while the turbulent flow is confirmed for those with larger Re. For the flow in the capillary, u and l can be the average linear flow rate (= uav) and the diameter of the capillary. In the present study, l was kept smaller than 1 mm, and uav was lower than 0.01 ms -1 . Thus, the Reynolds number was not larger than 10 (mostly smaller than unity), suggesting that the steady laminar flow is established in any case. We can use the cylindrical coordinate system to completely describe the capillary (hereinafter, r and x represent the radial and axial coordinate, respectively). If the laminar flow is established in the capillary, its flow profile can be represented by
where a is the radius of the capillary and u(r) and umax are the linear velocity at r and the maximum linear velocity attained at the center of the capillary. The integral of Eq. (3) gives the average volume flow rate and in turn the average linear flow rate (uav), which is half as large as umax. The advection-diffusion equation in this coordinate system is expressed by
where D is the diffusion coefficient of a solute and C is its concentration. Equation (4) can be transformed into
The left and right sides of this equation represent the advection and diffusion terms, respectively. The centered difference method was used to numerically solve the diffusion term of Eq. (5), whereas the cubic interpolated pseudoparticle (CIP) method was applied to solve the advection term. [26] [27] [28] CIP is known as one of the suitable methods for numerical analyses of differential equations, and is capable of providing stable results without severe losses of conservation. This property of CIP allows us to reduce the number of theoretical cells and, in turn, times necessary for simulation.
Simulation was carried out with reduced parameters, z = r/a, τ = Dt/a 2 , and χ = Dx/(a 2 umax). The entire capillary was divided into 9600 cells (40 × 240, radial and axial meshes), and the solute concentrations in each cell was calculated. The flux at the 236th axial cells from the inlet was assumed as a detector response. In order to make the comparison with experimental results easier, it was assumed that solutes flowing along the central part of the capillary (width = a/4) were detected. A parameter τav = DL/(a 2 uav) is defined here to facilitate the following discussion of the solute diffusivity in the system. This parameter represents the extent of solute diffusion when it reaches the detector. The mean-square displacement (σ 2 ) is given by
Therefore, if τav = 1, σ 2 = 2a 2 , indicating that the solute can diffuse over the entire cross-section of capillary within the time of t/2. The solute traveling at the maximum flow rate, which is twice as large as the average flow rate, can completely diffuse before it is eluted from the capillary. Figure 1 shows simulated elution curves for τav = 0.041 -2.26. As well known, if solute diffusion is completed, the peak profile can be described by the Gaussian distribution; hereinafter this peak is called a diffusion peak and a solute giving a diffusion peak is considered a diffusive solute. As τav decreases, the peak becomes broad, and then a new peak appears. This peak moves almost twice as fast as the diffusion peak, and thus reflects the elution of solutes moving at the maximum flow rate; this peak is named a nondiffusion peak. For < 0.1, the non-diffusion peak becomes sharp, and then the diffusion peak becomes negligible. Figure 2 simulates the resolution of two solutes with different diffusivities. The lower elution curve shows an elution curve for solutes with τav = 0.113 and 1.13 (the ratio of D is 10), while the upper one shows resolution between τav = 0.0565 and 1.70 (the ratio of D is 30). These conditions can be realized simply by adjusting the capillary diameters, the capillary lengths, and/or flow rate, implying that two solutes can be resolved just by passing through an open tube if all the necessary requirements are satisfied. However, as can be seen in Fig. 1 , when the ratio of the diffusion coefficients becomes smaller, the overlap of peaks is obviously unavoidable. It should be noted that the median of a solute zone moves with the average flow even when a sharp non-diffusion peak appears. Therefore, even though two solutes give different peaks as shown in Fig. 2 , complete fractionations are not possible; i.e. obviously, the fractions of diffusive components should always contain nondiffusive solutes, while pure non-diffusive components can be found in early eluted fractions.
Diffusion coefficients have been determined by various methods; the Taylor method is one of the most commonly employed means. [29] [30] [31] This method is based on the diffusion of solutes during their passage through an open tube, and is applicable for τav ≥ 1. A diffusion (Gaussian-shaped) peak profile is given by (7) where c is a parameter proportional to solute concentration and K = a 2 uav 2 /(48D). This equation represents the Gaussian with . As shown in Fig. 1 , Gaussian-shaped diffusion peaks are gradually transformed into skewed ones and eventually into the non-diffusion peak, when τav decreases. Increasing flow rates or capillary radius is an easy experimental way to reduce τav and to produce a non-diffusion peak. As the flow rate increases (in turn τav decreases) with keeping the capillary dimensions constant, the front edge of the peak is developed along with the deformation of a Gaussian-shaped
peak. The elution volume of the front edge of a peak should be a good measure of the diffusivity of the solute under the running conditions. Figure 3 shows a plot of the abscissa at the front edge against τav -1/2 . Although the front edge should be rigorously defined, its precise measurements are generally difficult. In order to keep experimental compatibility, the abscissa giving 1/3 peak height (v1/3) was conveniently defined as a front edge of the peak; though this definition is not rigorous, front edges measured at lower heights gave the same conclusion. When the peak profile can be represented by the Gaussian function (i.e. for diffusion peak), the front edge of a peak is given by
Thus, there is a linear relation between v1/3 and uav 1/2 (∝τav -1/2 ), as long as complete solute diffusion occurs. The plot shown in Fig. 3 is obviously composed of two lines; one with large negative slope for small τav -1/2 values, and the other with very small slope (∼0) for larger τav -1/2 values. The former resulting from the Gaussian peak profile is represented by Eq. (8), whereas the latter reflects the development of a non-diffusion peak. The flexion point can be read as τav -1/2 = 1.64 (τav = 0.37). For τav = 0.37, the mean-square displacement, σ, is equal to 0.86a (σ = (2Dt) 1/2 = (2τava 2 ) 1/2 ). Thus, for τav > 0.37, a clear non-diffusion peak is not detected, albeit the diffusion of solutes has not been completed before they are eluted from the capillary. This flexion point in a v1/3 -uav 1/2 plot can be a basis for evaluation of diffusion coefficients. Table 1 lists the reported diffusion coefficients of several solutes. In this work, I -, SDS micelle, and PS latexes were selected as solutes, the diffusion coefficients of which were reported to be 2.045 × 10 -9 m 2 s -1 at limited dilution, 32 5 -9 × 10 -11 m 2 s -1 (depending on the concentration), 33 and 0.1 -5 × 10 -12 m 2 s -1 (depending on the size), 34 respectively. Thus, the diffusion coefficients of tested solutes range over more than three orders of magnitude. rate (peak time = tav). However, I -gives a much sharper peak than the SDS micelle, reflecting the higher diffusion nature of the former. In contrast, the peak apex of the PS latex appears at ca. 0.5tav, suggesting that it partly travels at the maximum flow rate and gives a non-diffusion peak (see above). The τav values for I -and SDS under this experimental condition are more than 1 as stated above, and thus the diffusion of these solutes should be completed before they are eluted from the capillary. It depends on the separation system whether a given solute is diffusive or non-diffusive; τav is a good measure representing the diffusion property of a solute in the system under study. As discussed above, the radius and length of a capillary, and a flow rate are involved in τav as essential parameters affecting the diffusivity of a solute. The elution behavior of the SDS micelle and PS particles was studied in more details under various conditions in order to assess the validity of these considerations. Figure 5a shows effects of a flow rate on the elution profiles of 0.1 M SDS micelles obtained with a = 160 µm capillary. The τav values range from 0.21 to 1.06, which were varied by changing flow rates. For τav = 0.21, though a clear nondiffusion peak appears, a diffusion peak is also detected as a shoulder. When τav exceeds unity, a symmetrical diffusion peak is observed. Similarly, τav can be varied by changing the capillary radius as shown in Fig. 5b (τav = 0.028 -1.26). The linear flow rate was kept constant for all capillary sizes. A diffusion peak is transformed into a non-diffusion peak, as the capillary radius increases (τav decreases). It is thus clearly understood that changing flow rates is compatible to changing capillary radii. Elution curves for 0.6 µm PS particles are illustrated in Fig. 6 . Since the PS particles have extremely low diffusivity, both the capillary radius and flow rate should be substantially reduced to obtain large τ values. When the linear flow rate in 150 µm capillary is reduced to 43.7 µm s -1 , a shoulder coming from the non-diffusion peak disappears. However, τav calculated with D estimated from the Stokes equation is still less than unity (τav = 0.40), indicating that the complete diffusion has not occurred. The complete elution of the PS particles as a diffusion peak takes an extremely long time. Although decreasing the capillary radius produces diffusion peaks for poorly diffusive solutes such as PS particles much more effectively than decreasing the flow rate, because τav is proportional to a -2 u -1 , the additional problem that an exclusion volume should be taken into account will arise. Equation (1) indicates that, as λ = R/a increases, the exclusion volume for a solute becomes large, and it moves faster than the average flow. When 0.6 µm PS particles are eluted from the 150 µm i.d. capillary, λ = 4 × 10 -3 and t/t0 = 0.996, which can be regarded as unity and an exclusion volume is negligibly small. If the 25 µm i.d. capillary is, for example, used to enhance the solute diffusion, t/t0 = 0.955; the solute moves 4.5% faster than the average flow even though it completely diffuses during its elution. Thus, use of a small-bore capillary gives rise to a shift in major separation mechanisms, i.e. from the mechanism based on solute diffusion properties to that of usual hydrodynamic chromatography.
Elution behavior of selected solutes
As shown in Fig. 2 , resolved peaks can be obtained for two solutes when their diffusion coefficients differ by one order of magnitude. The above discussions clearly indicate that the same τav value can be achieved by changing either the capillary dimensions or the flow rate of the mobile phase. A diffusion peak of a solute with τav = 1 can be resolved from a nondiffusion peak of that with τav = 0.1. For a constant capillary length, the elution times for these solutes are thus automatically calculated for a given capillary radius, a. Figure 7 relations between log t and log a calculated for solutes with τav = 1; L was assumed 0.3 m to keep compatibility to the present experiments.
An exclusion volume is not taken into consideration for these calculations for simplicity. Naturally, all of the solutes show diffusive properties, if t is kept sufficiently large. However, appropriately short elution times are desirable for actual situations. The horizontal dotted lines in the figure show t = 100 and 1000 s; the intersections between these and log t-log a plots give capillary radii required for the solute under consideration to be diffusive within these elution times. A solute with D = 10 -12 m 2 s -1 , for example, shows a diffusive nature if it is eluted from a capillary of a = ca. 30 µm for 1000 s, while a should be reduced to 10 µm if the elution should be completed within 100 s. Again, this solute can be resolved from solutes with D ≤ 10 -13 m 2 s -1 (τav = 1) under these conditions. Thus, if we know the diffusion constants of solutes to be separated in advance, the optimization of experimental conditions is very easy.
As shown in Fig. 8 , we attempted to resolve two types of PS particles (D = 2.23 × 10 -12 m 2 s -1 for 0.1 µm PS and 3.27 × 10 -13 m 2 s -1 for 0.6 µm PS, values calculated by the Stokes equation). As discussed above, these are not completely separated because the diffusion coefficient of the former is only six times as large as that of the latter (one order difference is necessary according to the results of simulation). However, two clear peaks appear when a mixture of these particles is injected into a 150 µm capillary as shown in Fig. 8 . The τav values are 0.33 for 0.1 µm PS and 0.048 for 0.6 µm PS under this condition, indicating that 0.1 µm PS particles do not necessarily behave as a diffusive solute. However, the elution curve for 0.6 µm PS has a shoulder peak coming from a diffusive solute, suggesting that its diffusivity is higher than that estimated from the Stokes equation. Figure 9 shows the plot of the abscissa of the front edge of elution peaks against u 1/2 for 0.1 and 0.6 µm PS particles. As discussed above, the flexion occurs at the flow rate, which allows the solute moving with the average flow to diffuse over the distance of 0.86a on the axial plane. The flexion occurs at u = 1.4 mm s -1 and 0.38 mm s -1 for 0.1 and 0.6 µm PS, which correspond to D = 2.8 × 10 -12 and 7.3 × 10 -13 m 2 s -1 , respectively. The diffusion coefficient of the latter is 2 -3 times as large as that predicted by the Stokes law, albeit the reason for this has not been elucidated. The plots shown in Fig.  3 or 9 should be useful to estimate the diffusion coefficients of an unknown solute, and this method has an advantage over the Taylor method particularly when applied to a solute having low diffusivity; the latter requires complete diffusion of a solute, whereas the complete diffusion is not necessary for the present method.
In conclusion, the present study has indicated that wide-bore hydrodynamic chromatography is useful for some applications. This method can resolve two solutes if they have different diffusivity, but is incapable of complete fractionation. However, it should be noted that separation is achieved just by passing solutes through an open capillary. We have introduced a separation parameter τav as a measure of solute diffusivity under a given experimental condition. The optimization of conditions for solute separation and for evaluation of its diffusion coefficient is easily performed using this parameter; it 495 ANALYTICAL SCIENCES MAY 2005, VOL. 21 . Two horizontal dotted lines indicate log t = 100 and 1000 s. has thereby revealed that changing flow rates is compatible to changing capillary dimensions. Hence, though separation performance of this method is quite restricted in comparison with other commonly used separation means, the fact that it requires neither chemical nor physical forces for separation is noteworthy.
